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La connessina 26 (Cx26) e la connessina 30 (Cx30) formano canali giunzionali che 
permettono la diffusione intercellulare del secondo messaggero IP3 e la mobilitazione 
del Ca2+. Le connessine formano anche emicanali che rilasciano ATP dalla superficie 
endolinfatica delle cellule di supporto ed epiteliali della coclea. L’ATP rilasciato attiva 
a sua volta recettori P2Y2 e P2Y4 accoppiati a proteina G, la generazione di IP3 
dipendente da fosfolipasi C (PLC) e il rilascio di Ca2+ dai depositi intracellulari, 
permettendo la propagazione rigenerativa dei segnali Ca2+ intercellulari.  
Nel corso di questo lavoro, abbiamo osservato che le cellule cocleari non-
sensoriali che compongono il ‘greater and lesser epithelial ridge’ (GER e LER, 
rispettivamente) condividono la stessa cascata di trasduzione del segnale attivato da 
ATP dipendente da PLC e IP3R. Inoltre, abbiamo dimostrato che l’attività dei segnali 
Ca2+ ATP-dipendente nelle cellule cocleari non-sensoriale è spazialmente ordinata 
dall'apice alla base della coclea durante la prima settimana postnatale. Il segnale di 
Ca2+ in queste condizioni dipende della generazione del’inositolo-1,4,5-trifosfato a 
partire dell’idrolisi di PI(4,5)P(2) dipendente da PLC. Abbiamo quindi analizzato dei 
topi con espressione difettosa di PIPKIγ e abbiamo mostrato che (i) tale enzima è 
essenziale per l'acquisizione dell’udito, (ii) è responsabile principalmente della sintesi 
di pool di PI(4,5)P(2) regolati da recettore e sensibili a PLC nei sincizi cellulari che 
fanno da supporto alle cellule ciliate uditive, e che (iii) la diminuzione spaziale della 
via di segnalazione PIP2-IP3- Ca2+ in cellule cocleari non-sensoriale influenza il livello 
di accoppiamento delle giunzioni cellulari. Viceversa, abbiamo trovato un 
accoppiamento difettoso delle giunzioni cellulari e dei segnali di Ca2+ intercellulari IP3-
dipendenti della coclea di topi con mutazione puntuali delle Cx26 o Cx30, così come 
nei topi knock in per una mutazione puntiforme (Cx30T5M) associata a sordità. 
Complessivamente, i nostri risultati collegano una difettosa acquisizione uditiva 
all’insufficienza di segnalazione di Ca2+ e a una diminuzione nell’accoppiamento 
biochimico nella coclea in via di sviluppo. La trasduzione di culture di coclea con un 
deficit di connessine con dei vettori di virus adeno-associato bovino codificanti la 
Cx26 o Cx30 ristabiliscono l’espressione della proteina, e la funzionalità delle gap 
junctions e dei segnali di Ca2+. 
Sulla base di questo lavoro, si può concludere che l’applicazione in vivo dei 
geni per le connessine nell'orecchio interno è un percorso che vale la pena di 
esplorare per ristabilire la funzione uditiva in modelli murini di sordità e che, in futuro, 
potrebbe portare allo sviluppo di interventi terapeutici nell’uomo. 
 
ABSTRACT  
Connexin 26 (Cx26) and connexin 30 (Cx30) form gap junction channels that allow the 
intercellular diffusion of the Ca2+ mobilizing second messenger IP3. They also form 
hemichannels that release ATP from the endolymphatic surface of cochlear 
supporting and epithelial cells. Released ATP in turn activates G-protein coupled P2Y2 
and P2Y4 receptors, PLC-dependent generation of IP3, release of Ca2+ from intracellular 
stores, permitting the regenerative propagation of intercellular Ca2+ signals.  
In the course of this work, we found that cochlear non-sensory cells of the 
greater and lesser epithelial ridge (GER and LER, respectively) share the same PLC- 
and IP3R-dependent signal transduction cascade activated by ATP. In addition, we 
demonstrated that ATP-dependent Ca2+ signaling activity in cochlear non-sensory 
cells is spatially graded from the apex to the base of the cochlea during the first 
postnatal week. Ca2+ signaling under these conditions depends on inositol-1,4,5-
trisphosphate generation from phospholipase C (PLC)-dependent hydrolysis of 
PI(4,5)P(2). Thus we analyzed mice with defective expression of PIPKIγ and found that 
(i) this enzyme is essential for the acquisition of hearing; (ii) it is primarily responsible 
for the synthesis of the receptor-regulated PLC-sensitive PI(4,5)P(2) pool in the cell 
syncytia that supports auditory hair cells and; (iii) spatially graded impairment of the 
PIP2-IP3-Ca2+ signaling pathway in cochlear non-sensory cells affects the level of gap 
junction coupling. Vice versa, we found defective gap junction coupling and 
intercellular IP3-dependent Ca2+ signaling the cochlea of mice with targeted ablation 
Cx26 or Cx30, as well as in mice knock in for a point mutation (Cx30T5M) associated 
with human congenital deafness. Altogether, our findings link bidirectionally defective 
hearing acquisition to Ca2+ signaling impairment and decreased biochemical coupling 
in the developing cochlea. Transduction of connexin deficient cochlear cultures with a 
bovine adeno associated virus vectors encoding Cx26 or Cx30 restored protein 
expression, rescued both gap junction coupling and Ca2+ signaling.  
Based on this work, we conclude that in vivo connexin gene delivery to the 
inner ear is a route worth exploring to rescue hearing function in mouse models of 







1.1 Anatomy of the cochlea. 
The cochlea is a snail–shaped inner ear structure divided in three chambers, namely the 
scala vestibuli, the scala tympani, and the scala media (also known as cochlear duct) (Krstic 
1997; Raphael and Altschuler 2003) (Fig.1b-d). The scala tympani is connected by the 
cochlear aqueduct to the subarachnoidal space of the cranial cavity, which is filled with 
cerebrospinal fluid. The scalae vestibuli and tympani are connected through an opening at 
the apical end of the cochlea, called the helicotrema and are both filled with perilymph, a fluid 
whose composition is similar to that of cerebrospinal fluid. The mature cochlear duct is filled 
with endolymph, an unusual extracellular fluid containing 150 mM K+, 2 mM Na+ and as little 
as 20 µM extracellular free Ca2+ concentration ([Ca2+]o) (Bosher and Warren 1978; 
















Figure 1. Anatomy of the cochlea and cochlear duct. a, Schematic drawing of the mouse ear, embedded in the temporal 
bone. b, Cochlear scheme: BC, bony capsule shown fenestrated near the base to expose scala vestibuli (SV) and scala 
tympany (ST), both filled with perilymph; CD, cochlear duct, filled with endolymph. c, CD from a P5 mouse after removal of the 
bony capsule; scale bar, 1 mm. d, Schematic diagram of a cross section of the cochlear canals. Scala media (or cochlear 
duct, filled with endolymph) lies between the larger vestibular and tympanic scalae (filled with perilymph). The base of scala 
media is formed by the osseous spiral lamina (OSL) and the basilar membrane (BM). The organ of Corti rests on the basilar 
membrane. The organ of Corti contains inner and outer hair cells (IHC, OHC), separated by pillar cells (P) that form the tunnel 
of Corti. In the mature mouse cochlea afferent synapses typically have a single ellipsoid ribbon per active zone in both inner 








The isolation of endolymph from perilymph depends on cells that form the cochlear duct 
epithelium. These epithelial cells are connected by a network of tight and adherens junctions 
near their apical surfaces (i.e. facing the scala media) (Mammano 2012).  
1.2 The organ of Corti. 
The organ of Corti, seated on the basilar membrane, is the sensory organ responsible for 
sound transduction; it has the form of an epithelial ridge encompassing highly specialized 
sensory inner and outer hair cells (Fig.1d) (Lim 1986). Hair cells possess an apical 
stereociliary bundle that is the site of mechanotransduction (described below). In the adult 
human cochlea there are about 3500 inner hair cells, organized in a single row. There are 
approximately three times as many outer hair cells, organized in three parallel rows. 
Preceding the acquisition of hearing, the sensory epithelium comprises the greater epithelial 
ridge (GER), which gives rise to the inner hair cells and medial non–sensory cells, and the 
adjacent lesser epithelial ridge (LER), which is thought to generate the outer hair cells and 
lateral non–sensory cells (Eggston and Wolff 1947; Lim and Rueda 1992). Cells providing 
mechanical support to hair cells are designated as supporting cells. In the mature organ of 
Corti, supporting cells include inner phalangeal cells, inner and outer pillar cells, outer 
phalangeal cells (also known as Deiters’ cells), and Hensen’s, Böttcher’s and Claudius’ cells. 
The rows of inner and outer hair cells are separated by the triangle of Corti, the most striking 
feature, when viewed in cross section, formed by the apposition of inner and outer pillar cells. 
The inner phalangeal cells completely surround the inner hair cells. The outer phalangeal 
cells form cups holding the synaptic poles of the outer hair cells and send fine processes, or 
phalanges, to the reticular lamina. This is a thin, stiff cytoplasmic plate that extends from the 
innermost row of outer hair cells to the Hensen’s cells sealing the apical (endolymphatic) 
poles of outer hair cells within a mosaic of apposing phalangeal process of outer pillar cells 
and outer phalangeal cells. The tectorial membrane (TM) covers the organ of Corti 
throughout the cochlea, from base to apex. It is medially attached at the spiral limbus to 
interdental cells. The inferior aspect of the tectorial membrane is in contact with the 
and outer hair cells. IHCs form afferent synapses only with afferent dendrites (AD) of type I spiral ganglion neurons. Lateral 
olivocochlear neurons synapse onto boutons of type I spiral ganglion neurons in close proximity to inner hair cells. Medial 
olivocochlear neurons contact outer hair cells directly. Each outer hair cell is supported by an outer phalangeal cell (OPh), or 
supporting cell of Deiters, which holds the base of the hair cell in a cup–shaped depression. From each Deiters’ cell, a 
phalangeal projection extends upward to a stiff membrane, the reticular lamina, that forms the upper layer of the organ of 
Corti. The apices of the outer hair cells are firmly held by the reticular lamina but the cell bodies are suspended in fluid that fills 
the space of Nuel and the tunnel of Corti. Although this fluid is sometimes referred to as cortilymph, its composition is thought 
to be similar, if not identical, to that of the perilymph. Inner hair cells are supported and enclosed by inner phalangeal cells 
(IPh) which rest on the thin outer portion, called the tympanic lip, of the spiral limbus. The latter rests on the margin of the 
osseous spiral lamina and hosts interdental cells (Id) and fibrocytes (not shown). Inner border (B) and cuboidal epithelial cells 
line the spiral limbus on the inner sulcus (IS) side. Stereocilia on the apical tips of inner hair cells are arranged in parallel rows. 
In contrast, stereocilia on outer hair cells form a “W”-shaped pattern. The longest stereocilia of outer hair cells contact the 
overlying acellular structure, the tectorial membrane (TM). The tectorial membrane covers the reticular lamina and reaches 
the cells of Hensen (H). Two other types of epithelial cells, cells of Claudius (C) and Böttcher (B), cover the outer sulcus. The 
spiral prominence (SP) and the stria vascularis (SV) are situated at the upper margin of the outer sulcus. Some cells of the 
outer sulcus send projections, called root cells (R), into the substance of the fibrous spiral ligament. The spiral ligament lies 
between the stria vascularis and the bony wall of the cochlea and hosts numerous fibrocytes (not shown). Like the adjacent 
stria vascularis, the spiral ligament is well supplied with blood capillaries (Cp). The vas spiralis (V) is a blood vessel running in 
the tympanic layer of the basilar membrane just beneath the tunnel of Corti. The transparent vestibular membrane of Reissner 
(RM), which consists of only two layers of flattened cells, stretches from the stria vascularis to the medial margin of the spiral 
limbus [from Rodriguez et al. 2012, Mammano 2012]. 
stereocilia of outer hair cells and with Hensen’s cells at the lateral edge of the organ of Corti. 
Hensen’s stripe is an area in the inferior aspect of the TM, with which inner hair cell 
stereocilia are thought to interact. Medial to the organ of Corti, the cochlear duct epithelium 
comprises interdental cells of the spiral limbus. Lateral to the organ of Corti, the duct 
epithelium consists of spiral prominence cells and marginal cells of the stria vascularis. The 
remainder of the duct wall is formed by the Reissner’s membrane (Krstic 1997; Raphael and 
Altschuler 2003; Mammano 2012). 
1.3 Physiology of the cochlea. 
The stria vascularis transports K+ into the endolymph and generates the endocochlear 
potential (reviewed in refs. (Hibino and Kurachi 2006; Zdebik, Wangemann et al. 2009; 
Patuzzi 2011; Patuzzi 2011). This is an electrical potential difference between endolymph 
and perilymph. The endocochlear potential appears around postnatal day 5 (P5, where P0 
indicates the day of birth) in rodents and increases progressively to reach levels in excess of 
+100 mV by P17 (Schmidt and Fernandez 1963; Uziel, Romand et al. 1981; Rybak, 
Whitworth et al. 1992). The high potassium concentration in mature endolymph (150 mM) is 
a necessary but not sufficient condition for the endocochlear potential. A study perfomed by 
Yamasaky et al. (Yamasaki, Komune et al. 2000) was specifically designed to clarify the 
chronological developmental process of monovalent ions (Na+, K+, Cl−) in the endolymph of 
the mouse in relation to the development of the endocochlear potential. In that study, the 
concentrations of all three monovalent ions in endolymph reached adult levels at P7, when 
the endocochlear potential was still under +20 mV, whereas the endocochlear potential 
increased abruptly after P7 and reached approximately +80 mV at P14 (Yamasaki, Komune 
et al. 2000).  
Both the endocochlear potential and the high endolymphatic potassium are key factors for 
the mechanotransduction process performed by cochlear hair cells (Fettiplace and Ricci 
2006; Wangemann 2006; Schwander, Kachar et al. 2010; Richardson, de Monvel et al. 
2011). Mechanotransduction is initiated by mechanical stimuli applied to the stereociliary 
bundle due to the sound–evoked shearing motion between the reticular lamina and the 
tectorial membrane. Movement of the hair cell stereocilia in the direction of the taller row 
opens transduction ion channels in the stereocilia (Beurg, Fettiplace et al. 2009). The large 
potential difference between the endolymph and the cytoplasm of inner and outer hair cells 
drives potassium ions into hair cells through these mechanically gated channels. In adult hair 
cells, K+ influx generates a receptor potential, which is a graded change of membrane 
potential, Vm. Hair cell depolarization triggers glutamate release at specialized afferent 
synapses, known as ribbon synapses, located on their basal pole (Glowatzki, Grant et al. 
2008; Matthews and Fuchs 2010; Meyer and Moser 2010). Ribbon synapses connect hair 
cells to (afferent dendrites of) spiral ganglion neurons, which transmit impulses into central 
nervous system activating central pathways that lead to hearing (Rusznak and Szucs 2009; 
Meyer and Moser 2010; Nayagam, Muniak et al. 2011). Type I spiral ganglion neurons are 
large bipolar neurons that comprise the major population (90–95%) of spiral ganglion cells 
and are postsynaptic to inner hair cells, the auditory sensory cells of the mammalian cochlea. 
The features of the inner hair cell ribbon synapses combine with the firing properties of spiral 
ganglion neurons to generate the auditory temporal code with high precision (Rutherford, 
Chapochnikov et al. 2012).  
It is well established that receptor potentials in outer hair cells drive a local mechanical 
amplification process (Ashmore 2008; Dallos 2008), carried out by the motor protein prestin 
(Zheng, Shen et al. 2000; Schaechinger, Gorbunov et al. 2011). This mechanical 
amplification is required for the high sensitivity and sharp frequency selectivity of mammalian 
hearing (Dallos, Wu et al. 2008; Ashmore 2011; Johnson, Beurg et al. 2011). In contrast, the 
synaptic function performed by outer hair cells is poorly understood. They are presynaptic to 
type II spiral ganglion neurons that have small unmyelinated axons and constitutes only 5% 
of the cochlear nerve. While the type I fibers turn upwards toward the inner hair cells, the 
type II fibers cross the tunnel of Corti along its floor in a radial trajectory and then turn toward 
the basal end of the cochlea (these fibers were called outer spiral fibers before it was known 
that they were connected to type II neurons). The peripheral endings of type II spiral ganglion 
neurons branch extensively and innervate a dozen outer hair cells, generally in the same 
row. Recent data suggest that type II fibers could communicate centrally by maximal 
activation of their entire pool of presynaptic outer hair cells (Weisz, Lehar et al. 2012). Type II 
afferents also contact Deiters’ and Hensen’s cells in the apical cochlear turn, but these cells 
lack presynaptic ultrastructure and are considered postsynaptic to type II afferents (Burgess, 
Adams et al. 1997; Fechner, Nadol et al. 2001). Thus it is possible that type II fibers establish 
local circuit interactions between outer hair cells and supporting cells; however the function 
of this putative interaction remains elusive. Reciprocal synapses between outer hair cells and 
their type-II terminals have been detected in human, chimpanzee, cat, guinea pig, and 
mouse throughout the cochlear spiral and in all three rows of outer hair cells (Nayagam, 
Muniak et al. 2011). Thiers et al. (Thiers, Nadol et al. 2008) think that this local circuitry may 
mediate feedback control of, and bidirectional communication among, outer hair cells. In 
addition, modulatory top-down control is effected by neurons of the superior olive forming 
efferent synapses on hair cells and postsynaptic boutons (Guinan 2006; Robertson 2009). 
While the human full–term neonate can hear at birth, auditory function in most rodents 
begins between P10 and P14, reaching adult–level thresholds between by the 3rd postnatal 
week (Mikaelian, Alford et al. 1965; Ehret 1977; Uziel, Romand et al. 1981). Of notice, inner 
hair cells of neonatal mice and gerbils generate spontaneous Ca2+ action potentials (Marcotti 
2012) throughout pre-hearing stage of development (Johnson, Eckrich et al. 2011; Johnson, 
Kennedy et al. 2012). Beurg et al. (Beurg, Safieddine et al. 2008) reported that also 
immature outer hair cells fire regenerative action potentials, which are presumably Ca2+–
dependent as they are not eliminated by tetrodotoxin but are abolished by nifedipine, a 
blocker of L-type Ca2+ channels. The complete disappearance of spontaneous action 
potentials and replacement by graded receptor potentials is mainly due to the expression of 
K+ ion channels characteristic of mature cells (Kros, Ruppersberg et al. 1998). While 
spontaneous action potentials are occurring in immature hair cells, the auditory afferent 
fibers undergo extensive reorganization (Appler and Goodrich 2011; Defourny, Lallemend et 
al. 2011; Bulankina and Moser 2012). The more numerous type I spiral ganglion neurons that 
initially innervate both inner hair cells and outer hair cells undergo pruning. This pruning 
results in the retraction of neurites that innervate outer hair cells and the refinement of 
innervation to the inner hair cells. The end 
result is a one–to–one axosomatic 
innervation characteristic of mature inner 
hair cells. Conversely, the less abundant 
type II spiral ganglion neurons that also 
initially innervate both inner and outer hair 
cells lose their connections with inner hair 
cells. Maturation of mechanotransduction 
parallels these events. Details of 
mechanotransduction have been 
investigated in acute explants and in 
organotypic cultures of cochlear tissue 
(Waguespack, Salles et al. 2007; Lelli, Asai 
et al. 2009). These explant cultures (Fig. 2) 
preserve the architecture and functional 
relationships among the cells observed in 
vivo and are readily obtained from mice 
before the onset of hearing (Van de Water 
and Ruben 1971; Sobkowicz, Bereman et 
al. 1975; Sobkowicz, Loftus et al. 1993). 
Electrophysiological recordings indicate that 
hair cells in rat organotypic cultures show 
normal immature development of 
mechanotransduction properties 
(Waguespack, Salles et al. 2007). 
Figure 2. The sensory epithelium of the developing 
cochlea. a, Differential interference contrast (DIC) micrograph 
of the sensory epithelium in the basal turn of an organotypic 
cochlear culture, viewed from the scala media. LER, lesser 
epithelial ridge; GER, greater epithelial ridge; HCR, hair cell 
region; scale bar, 50 µm. b, schematic diagram of the 
epithelium viewed in transverse section, i.e., in a plane that 
contains the axis of the modiolus. Abbreviations as in Figure 1 
[from Schütz et al. 2010]. 
Hearing relies not only on the functional maturation of hair cells, but also on differentiation 
and proper organization of non–sensory cell networks that transfer signaling, ion, and 
nutrient molecules through gap junction channels (Cohen-Salmon, del Castillo et al. 2005; 
Kelly and Chen 2009). The network of epithelial gap junctions forms around embryonic day 
16 and interconnects all supporting cells in the organ of Corti as well as adjacent epithelial 
cells. The epithelial gap junction network apparently subdivides further in two separate, 
medial and lateral, buffering compartments. These two distinct compartments are believed to 
be individually dedicated to the homeostasis of inner and outer hair cells, respectively (Spicer 
and Schulte 1998; Jagger and Forge 2006). A second network, named the connective tissue 
gap junction network, starts to develop around birth. This latter network comprises interdental 
cells and fibrocytes in the spiral limbus, fibrocytes of the spiral ligament, basal and 
intermediate cells of the stria vascularis (Cohen-Salmon, del Castillo et al. 2005).  
A long–standing tenet is that gap junction networks of mature cochlea intervene in the 
recycling of potassium ions to the endolymph (Kikuchi, Adams et al. 2000; Wangemann 
2002; Zhao, Kikuchi et al. 2006; Mistrik and Ashmore 2009). In such K+ recycle hypothesis, 
cochlear non–sensory cells are presumed to buffer the K+ that enters apical channels on the 
stereocilia of hair cells during auditory transduction, diffuses to the soma, and is released 
there through basolateral K+ channels. Because epithelial and connective gap junction 
networks are discontinuous at the lateral wall of the cochlea, the recycle scheme requires K+ 
leaving the epithelial or diffusing through perilymph to be taken up by the fibrocytes in the 
spiral limbus (Cohen-Salmon, del Castillo et al. 2005). To complete the circuit, intercellular 
transport of K+ might occur along the cochlear wall via gap junctions that link fibrocytes with 
basal and intermediate cells of the stria vascularis (Kelly, Forge et al. 2011). After reaching 
the stria vascularis, potassium ions are then released by intermediate cells into the lumen of 
the stria vascularis and are finally transported into strial marginal cells for secretion back into 
endolymph, thereby completing the K+ cycle (Kikuchi, Adams et al. 2000; Wangemann 2002; 
Zhao, Kikuchi et al. 2006; Mistrik and Ashmore 2009). The K+ recycle hypothesis, although 
lacking experimental proof, is indirectly supported by the widespread distribution of gap 
junction channels (Kikuchi, Kimura et al. 1995; Lautermann, ten Cate et al. 1998; 
Lautermann, Frank et al. 1999), K+/Cl- cotransporters (Boettger, Hubner et al. 2002), and 
aquaporins (Huang, Chen et al. 2002). The K+ recycle hypothesis is also consistent with the 
observation that several classes of supporting cells in the cochlear sensory epithelium 
express glial fibrillary acidic protein (GFAP) (Rio, Dikkes et al. 2002). GFAP is a classic 
marker for astrocytes that, in the central nervous system, spatially buffer K+ through the glial 
syncytium (Kofuji and Newman 2004).  
 
 
1.4 Connexins and gap junctions.  
Gap junction channels are formed by tetraspan connexins protein subunits. The channel unit 
in known as “connexon” or “hemichannel”; it is a hexamer of connexins organized around a 
central aqueous pore. Two connexons lying in the plasma membranes of a pair of adjoining 
cells may dock head to head to form an intercellular hydrophilic channel that directly 
connects the cytoplasms of the two cells. Arrays of hundreds or thousand of closely packed 
intercellular channels form the characteristic plaques identifiable as gap junctions in electron 
microscopy images (del Castillo and del Castillo 2011) that mediate cell-to-cell 
communication as they allow the passage of ions and molecules up to ~1 kDa from one cell 
to the other (Harris 2001).  
In the mammalian cochlea, gap junction channels are formed primarily by connexin26 and 
connexin30 protein subunits (Lautermann, ten Cate et al. 1998; Lautermann, Frank et al. 
1999) encoded by nonsyndromic hearing loss and deafness (DNFB1) genes GJB2 and 
GJB6, respectively (Nickel and Forge 2008; Martinez, Acuna et al. 2009). The fact that 
DFNB1 is the most common form of inherited deafness in Caucasian populations highlights 
the importance of connexins for hearing (Hilgert, Smith et al. 2009; del Castillo and del 
Castillo 2011). Connexin26 and connexin30 exhibit 77% of amino acid sequence similarity 
(Fig. 3) and may assemble to form heteromeric and heterotypic gap junction channels 
(Ahmad, Chen et al. 2003; Forge, Marziano et al. 2003; Yum, Zhang et al. 2007). To date, 
the human connexin26 gap junction channel is the only structure that has been resolved by 
X-ray diffraction (at 3.5 Å resolution) (Maeda, Nakagawa et al. 2009). The structure of 
connexin30 channels has been inferred by a combination of homology modeling and 
molecular dynamics (Zonta, Polles et al. 2012).  
Figure 3. hCx26 and hCx30 topology representation and sequence alignment. NT, N-terminus; CT, C-terminus; 
TM1-TM4, transmembrane helices 1 to 4; CL, cytoplasmic loop connecting TM2, TM3; EC1, EC2, extracellular 
loops connecting TM1 to TM2 and TM3 to TM4, respectively. Residue color code: blue, positive; red, negative; 
white, hydrophobic; green, hydrophilic [From Zonta et al. 2013]. 
 
Figure 4. Diagram illustrating the 
molecular mechanisms underlying 
intercellular Ca2+ signaling in non–
sensory cells of the developing cochlea. 
The drawing shows ATP release through 
connexin hemichannels. P2Y receptors 
(P2YR), a family of G protein–coupled 
purinoceptors, are stimulated by ATP, ADP, 
UTP, UDP and UDP–glucose; IP3R (inositol 
trisphosphate receptor) is a membrane 
glycoprotein complex; IP3Rs are Ca2+ 
channels in the endoplasmic reticulum (ER) 
that are activated by inositol trisphosphate 
(IP3); FFA (flufenamic acid) and NFA 
(niflumic acid) are non–specific inhibitors of 
connexin hemichannels. CBX 
(carbenoxolone) blocks both hemichannels 
and gap junction channels. ATP 
degradation by ectonucleotidases 
terminates signaling [from Schütz et al. 
2010]. 
 
1.5 Targeting ablation of connexins in the cochlea. 
Mouse models confirm that connexin26 and connexin30 are essential for auditory function as 
well as for survival and development of the organ of Corti (Cohen-Salmon, Ott et al. 2002; 
Kudo, Kure et al. 2003; Teubner, Michel et al. 2003; Chang, Tang et al. 2008; Sun, Tang et 
al. 2009; Schutz, Scimemi et al. 2010; Schutz, Auth et al. 2011). These animal models also 
reveal critical gaps in our current understanding of the role played by connexins in the inner 
ear and the etiology of deafness due to absent or mutated connexins. Deafness and absence 
of an endocochlear potential in mice lacking connexin30 correlate with: (1) disruption of the 
endothelial barrier of the capillaries supplying the stria vascularis before endocochlear 
potential onset; (2) down–regulation of betaine–homocysteine S–methyltransferase; and (3) 
local increase in homocysteine, a known factor of endothelial dysfunction (Cohen-Salmon, 
Regnault et al. 2007) with no obvious link to gap junction channel function. Similarly, the 
hypothesis that connexin dysfunction impacts primarily on K+ recycling is challenged by the 
identification of connexin26 human recessive deafness mutants, e.g. V84L (Kelley, Harris et 
al. 1998), that are capable of forming functional channels (Bruzzone, Veronesi et al. 2003). 
Studies performed in model cells indicate that connexin26 V84L mutant channels are as 
permeable to K+ as wild type channels. However, the transfer of the second messenger IP3 
(and possibly of other key metabolites) through the mutant channels is impaired (Beltramello, 
Piazza et al. 2005; Decrock, Krysko et al. 2011). Thus, the permeability of connexin gap 
junction channels to metabolites (Harris 2007; Hernandez, Bortolozzi et al. 2007), and not 
simply to small inorganic ions, is likely to play an important role in development, physiology 
and etiology of connexin–related hearing impairment (Mammano 2012).  
1.6 ATP release and Ca2+ signaling in the developing cochlea. 
While the exact function of connexins expressed by non–sensory cells of the inner ear 
remains unclear, it is important to mention that they also form unpaired connexons, i.e. non–
junctional connexin hemichannels (Bennett, Contreras et al. 2003; Goodenough and Paul 
2003; Evans, De Vuyst et al. 2006). In particular, connexin26 and connexin30 protein 
subunits form functional hemichannels in the cochlea, as demonstrated by experiments 
performed with genetically engineered mouse lines (Anselmi, Hernandez et al. 2008) and 
ATP biosensors (Huang, Maruyama et al. 2007). CELAb antibodies (Clair, Combettes et al. 
2008) detected these hemichannels at the endolymphatic surface of the sensory epithelium, 
where connexin hemichannels release ATP under physiological conditions (Anselmi, 
Hernandez et al. 2008; Majumder, Crispino et al. 2010). ATP release into the endolymph had 
been previously proposed on the ground of experiments in which cochlear explants were 
subjected to bombardment with glass beads (Zhao, Yu et al. 2005). The binding of 
extracellular ATP to G–protein coupled P2Y2 and P2Y4 receptors, also expressed on the 
endolymphatic surface of the developing sensory epithelium activates a canonical 
transduction cascade (Gale, Piazza et al. 2004; Piazza, Ciubotaru et al. 2007) whereby 
phospholipase C– (PLC) dependent hydrolysis of phosphatidylinositol 4,5–bisphosphate 
(PIP2) generates the second messenger inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol. 
When IP3 binds to intracellular receptors (IP3R), it triggers Ca2+ release from the endoplasmic 
reticular stores and raises the cytosolic free Ca2+ concentration ([Ca2+]i) (Berridge 2009). Gap 
junction channels composed of connexin26 and connexin30 allow IP3 movement between 
coupled cells (Beltramello, Piazza et al. 2005; Hernandez, Bortolozzi et al. 2007). The 
probability of connexin hemichannel opening is a bell–shaped function of the [Ca2+]i, peaking 
at ~500 nM (De Vuyst, Decrock et al. 2006). Altogether, these mechanisms enable the 
propagation of intercellular Ca2+ waves in the cochlear sensory epithelium with peak 
amplitudes of ~500 nM, sustained by ATP–induced ATP–release, whereas ATP degradation 
by ectonucleotidases terminates signaling (Fig. 4) (Gale, Piazza et al. 2004; Beltramello, 
Piazza et al. 2005; Piazza, Ciubotaru et al. 2007; Anselmi, Hernandez et al. 2008; Majumder, 
Crispino et al. 2010; Ceriani and Mammano 2012; Leybaert and Sanderson 2012). 
Mitochondria function as Ca2+ buffers and play a significant role in regulating the spatio–
temporal properties of these Ca2+ waves (Mann, Duchen et al. 2009). This was demonstrated 
by blocking mitochondrial Ca2+ uptake and showing that this enhanced the peak amplitude 
and duration of ATP–induced Ca2+ mobilization.  
ATP–dependent [Ca2+]i oscillations occur in non–sensory cells of the lesser epithelial ridge 
(a) as a consequence of intercellular Ca2+ wave propagation or (b) due to sustained ATP 
stimulation in the submicromolar range (Gale, Piazza et al. 2004; Piazza, Ciubotaru et al. 
2007; Anselmi, Hernandez et al. 2008; Majumder, Crispino et al. 2010). Spontaneous [Ca2+]i 
oscillations in the lesser epithelial ridge are rarely observed in cochlear organotypic cultures 
at room temperature (Majumder, Crispino et al. 2010), but their frequency is drastically 
increased upon blockade of ectonucleotidases, a manipulation that highlights the tonic 
release of ATP from these cells (Anselmi, Hernandez et al. 2008). On the contrary 
spontaneous [Ca2+]i transients are always observed in the greater epithelial ridge, in a class 
of non–sensory cells (first described by Kölliker) which transiently populate the sensory 
epithelium from the spiral limbus to the inner hair cells (Hinojosa 1977; Kamiya, Takahashi et 
al. 2001). Spontaneous [Ca2+]i transients in these cells have been attributed to release of 
ATP (Tritsch, Yi et al. 2007; Tritsch and Bergles 2010) through connexin hemichannels 
(Schütz, Scimemi et al. 2010). Of notice, ATP–dependent Ca2+ oscillations in non–sensory 
cells of the cochlea feed–back on connexin expression and participate in the coordinated 
regulation of connexin26 and connexin30 through NF–κB (nuclear factor kappa–light–chain–
enhancer of activated B cells) (Ortolano, Di Pasquale et al. 2008). It should be noted that 
NF–κB is just one of the several Ca2+–dependent transcription factors used by non–excitable 
cells (Mellstrom, Savignac et al. 2008). Thus, future research is likely to uncover more links 
between these molecular players.  
Gene delivery with vectors derived from recombinant adeno-associated viruses restored 
connexin expression, rescuing intercellular coupling and Ca2+ signaling in cochlear 
organotypic cultures from mice with defective expression of connexin26 and connexin30 
(Ortolano, Di Pasquale et al. 2008; Crispino, Di Pasquale et al. 2011).  
Altogether, these findings are particularly interesting viewed from the perspective that 
connexin dysfunction may ensue in a deafness phenotype due to impaired ATP– and IP3–
dependent Ca2+ signaling (Beltramello, Piazza et al. 2005; Schütz, Scimemi et al, 2010). This 
tenet is exemplified by a study of hearing loss based on the substitution of an evolutionarily 
conserved threonine by a methionine residue at position 5 near the N–terminus of 
connexin30 (connexin30 T5M) (Grifa, Wagner et al. 1999). In connexin30T5M/T5M knock in 
mice, expression of the mutated connexin30 T5M protein is under the control of the 
endogenous connexin30 promoter (Schütz, Scimemi et al. 2010). Connexin30T5M/T5M mice 
exhibit a mild, but significant increase of about 15 dB in their hearing thresholds at all 
frequencies. Western blot analysis of adult inner ear tissue shows significantly down–
regulated expression levels of connexin26 and connexin30. In the developing cochlea, 
electrical coupling between cells, probed by dual patch–clamp recordings, is normal. 
However, transfer of the fluorescent tracer calcein between cochlear non–sensory cells is 
reduced, as is intercellular Ca2+ signaling due to spontaneous ATP release from connexin 
hemichannels (Schütz, Scimemi et al. 2010). The effect of ATP decreases with postnatal 
age. The developmental fall in sensitivity to ATP during development is consistent with the 
downregulation of P2X receptors (Greenwood, Jagger et al. 2007). Greenwood et al. 
propose that P2X receptor signaling provides a mechanism for inhibiting neurotrophin 
support of spiral ganglion neurites when synaptic reorganization in the cochlea is taking 
place (Greenwood, Jagger et al. 2007).  
1.7 Phosphoinositide signaling circuitry in the cochlea.  
The importance of phosphoinositides in cellular and organismal physiology is underscored by 
the growing number of human diseases linked to perturbation of strategically located 
phosphoinositide kinases and phosphatases that catalyze interconversion from one 
phosphoinositide to another (Di Paolo and De Camilli 2006; Vicinanza, D'Angelo et al. 2008; 
McCrea and De Camilli 2009; Ooms, Horan et al. 2009). Additionally, mutations in several 
enzymes that have not yet been linked to human disease show striking phenotypes in animal 
models. The central component in the phosphoinositide signaling circuitry, PI(4,5)P2, is a 
minor glycerophospholipid of the inner leaflet of the plasma membrane that participates in 
nearly all events occurring at, or involving, the plasma membrane  (De Camilli, Emr et al. 
1996; Cremona, Di Paolo et al. 1999; Hilgemann, Feng et al. 2001; Suh and Hille 2005; Di 
Paolo and De Camilli 2006).  
PI(4,5)P2 is produced by the phosphorylation of either phosphatidylinositol 4–phosphate 
[PI(4)P] or phosphatidylinositol 5–phosphate [PI(5)P], whereas dephosphorylation (primarily 
by 5–phosphatases) controls steady–state levels of PI(4,5)P2 and turns off its signaling. 
PI(4,5)P2 works as a substrate for class I phosphatidylinositol 3–kinases (PI3KI), which 
produce phosphatidylinositol (3,4,5)–trisphosphate [PI(3,4,5)P3], whereas PI(4,5)P2 cleavage 
by phospholipase A2 generates arachidonic acid, a precursor of many signaling molecules. 
Phospholipase C (PLC) dependent hydrolysis of PI(4,5)P2 generates the second messenger 
molecules diacyl glycerol and IP3 (Berridge 1987; Irvine 2003); diacyl glycerol binds and 
regulates protein kinase C and a variety of other effectors, whereas IP3 binds to IP3 receptors 
(IP3R) to activate Ca2+ efflux from the endoplasmic reticulum, raising the cytosolic free Ca2+ 
concentration ([Ca2+]i).  
As there is only very little PI(5)P in cells, most plasma membrane PI(4,5)P2 is generated by 
phosphorylation of PI(4)P at the D–5 position of the inositol ring (Di Paolo and De Camilli 
2006), a reaction that is catalyzed by type I PI(4)P 5–kinases (PIPKI) (Doughman, Firestone 
et al. 2003; Kwiatkowska 2010). Distinct genes encode the three PIPKI isoforms, named α β 
and γ, that coexist in most tissues and are central to PI(4,5)P2 synthesis in the plasma 
membrane. Note that nomenclature for the murine and human isoforms of PIP5KIα and 
PIP5KIβ were previously inconsistent; in this manuscript, the murine nomenclature is used. 
The different isoforms share a conserved catalytic domain flanked by variable regions 
implicated in subcellular targeting and regulation, appear to localize within different 
compartments and are thought to play specific roles in individual cell types, as one isoform 
can not compensate for the loss of another.  
Knockout mice have been generated for all three isoforms of PIPKI, with the effects on their 
phenotype varying between each knockout, and studies of the various knockout mice 
indicate that the different isoforms function in different capacities in an organism. Thus 
PIPKIα−/− mice developed normally but showed increased degranulation and cytokine 
production by mast cells when they were activated via the Fcε receptor, suggesting that 
PIPKIα is a negative regulator of Fc–receptor signaling (Sasaki, Sasaki et al. 2005).  
PIPKIβ−/− mice had a normal phenotype except for decreased fertility than their wild type 
(WT) counterparts; however platelets from these mice showed diminished PI(4,5)P2 
production, PLC activation and IP3 production after thrombin treatment (Wang, Chen et al. 
2008).  
PIPKIγ−/− mice, in which exons 2–6 of the PIP5K−Iγ gene (Pip5k1c) that encode most of the 
catalytic region were deleted by homologous recombination leading to complete absence of 
the protein, presented with decreased levels of PI(4,5)P2 in the nervous system and an 
impairment of its depolarization–dependent synthesis in nerve terminals; synaptic defects 
included a reduction in clathrin–coated endocytosis and a reduction in the exocytosis of a 
small recyclable pool of synaptic vesicles (Di Paolo, Moskowitz et al. 2004). All PIPKIγ−/− 
mice are recognizable soon after birth by their impaired motility and die postnatally within 24 
h, but no obvious anatomical anomalies are observed. Note that another PIPKIγ knock out 
mouse generated by random insertional mutagenesis exhibits embryonic lethality at 
midgestation; the reason for this discrepancy is not known (Wang, Lian et al. 2007). Of the 
three isoforms, PIPKIγ is the one expressed at highest concentration in the nervous system 











2. Aims of this work 
This thesis work aimed to investigate the molecular mechanisms that enable the propagation 
of intracellular Ca2+ transients in the cochlear sensory epithelium. Besides, differences in 
transfer of the fluorescent tracer calcein were examined in order to evaluate intercellular 
coupling between cochlear non-sensory cells. In order to clarify the link between alterations 
of Ca2+ signaling and gap junction permeability in non-sensory cells of the developing 
cochlea to impaired hearing acquisition, these studies were perform in mouse models of 
deafness, with the specific aims to: 
2.1 Characterize gap junction channel permeability in supporting cells (GER and LER), using 
fluorescence recovery after photobleaching (FRAP) and the available mouse models of 
defective expression of Cx26 and Cx30 (Cx26Sox10Cre and Cx30T5M/T5M mice).  
2.2 Characterize spontaneous Ca2+ transients by performing ratiometric Ca2+ imaging in 
cochlear non-sensory cells of the GER from cultures of WT mice. 
2.3 Investigate the effects of pharmacological treatments with inhibitors of PLC, SERCA 
Ca2+-ATPase and focal photostimulation with caged IP3.  
2.4 Investigate both spontaneous intracellular Ca2+ transients in non-sensory GER cells and 
ATP-evoked Ca2+ oscillations in non-sensory LER cells of the postnatal cochlea from 















Animal handling was approved by the Ethical Committee of Padua University (Comitato Etico 
di Ateneo per la Sperimentazione Animale, C.E.A.S.A.) project n. 54/2009, protocol n. 51731. 
3.1 Transgenic mice and genotyping.  
All mice used in this study shared a common C57BL7/6 genetic background. The genotype 
of mice in which the Gjb6 gene, which encodes for the Cx30, was replaced by the E.coli β-
galactosidase reporter gene (Teubner, Michel et al. 2003), was identified by PCR (annealing 
temperature 60°C) on extracted mouse tail tips usin g the following primers: 
Cx30USP,  5’−GGT ACC TTC TAC TAA TTA GCT TGG−3’ 
Cx30DSP,  5’−AGG TGG TAC CCA TTG TAG AGG AAG−3’ 
LacZ,   5’−AGC GAG TAA CAA CCC GTC GGA TTC−3’ 
Cx30+/− mice were identified by the presence of (i) a band of ~460 bps, amplified by the LacZ 
and Cx30USP primers (KO band) and corresponding to the region with the β-galactosidase 
reporter gene, and (ii) a band of ~544 bps, amplified by the Cx30DSP and Cx30USP primers 
(WT band). Lack of the WT band was used to identify Cx30−/− mice.  
The genotype of mice in which exons 2–6 of the PIPKIγ gene (Pip5k1c), which encode most 
of the catalytic region, were deleted by homologous recombination (Di Paolo, De Camilli 
2006), was identified by PCR on extracted mouse tail tips using the following primers: 
NEO4R,  5’−CAC CCC TTC CCA GCC TCT GA−3’ 
PIPKRV1,  5’−CCT CAC ATC CTG CTC ACT CAG GAC C−3’ 
PKWT1,  5’−GCC TCA CAG AGA TTT GAC GTG TCA G−3’ 
PIPKIγ+/− mice were identified by the presence of (i) a band of ~650 bps, amplified by the 
NEO4R and PIPKRV1 primers (KO band) and corresponding to the region with the neomycin 
cassette between exons 2 and 6, and (ii) a band of ~250 bps, amplified by the PKWT1 and 
PIPKRV1 primers (WT band). Lack of the WT band was used to identify PIPKIγ−/− mice. 
The T5M mutation was detected by PCR analysis using the primers: 
Cx30_for  5′-GTC AAT TAA TGG CAT TGT TTC ACC-3′  
Cx30_rev  5′-CGG GAT CCA TGC ATC AGA TCA ATG TTG TCT     ACA 
AAG AGG-3′  
followed by a digestion with the restriction enzyme SphI. The PCR product was 
demonstrated as a 1436 bp amplicon, and the presence of the mutation was proven by four 
additional bands at 1184, 594, 590 and 252 bp. 
The last background strains of the transgenic mice used in this study were: (a) Cx26loxP/loxP  
mixed C57BL/6 and 129/SvPasCrl; (b) Sox10CRE (Matsuoka, Ahlberg et al. 2005), mixed 
BL6CBAF1 and 129/Sv. Double transgenic Cx26Sox10Cre mice were detected by screening for 
the presence of the two insertions, loxP and Cre, by PCR on extracted mouse tail tips using 
the following primers: 
Cx26F  5′–TTTCCAATGCTGGTGGAGTG–3′ 
Cx26R  5′–ACAGAAATGTGTTGGTGATGG–3′ 
CreF   5′–CATTACCGGTCGATGCA–3′ 
CreR   5′–GAACCTGGTCGAAATCAG–3′. 
Cre recombinase transmitted via maternal germline was activated only in Sox10 expressing 
cells whereas transmission via paternal germline ensued in early Cre activation in the whole 
embryo and consequent lethality. 
3.2 Preparation of cochlear organotypic cultures.  
Cochleae were dissected from P5 mouse pups in ice−cold Hepes buffered (10 mM, pH 7.2) 
Hanks’ balanced salt solutions (HBSS, Sigma, Milan, Italy) and placed onto glass coverslips 
coated with 136 µg/ml of Cell Tak (Becton Dickinson, Milan, Italy). Cultures were incubated in 
Dulbecco’s modified Eagle’s medium DMEM/F12 (Invitrogen, Leek, The Netherlands), 
supplemented with FBS 5% and maintained at 37 °C ov ernight.  
3.3 Reagents and drugs.  
In this study we used membrane permeable AM ester derivatives of fura–2 (Cat. No. F1221), 
fluo-4 (Cat. No. F14201) and calcein (Cat. No. C3100) were obtained from (Invitrogen/Mol 
probes) and caged inositol (3,4,5) trisphosphate (caged–IP3–AM, Alexis, Cat. No. 
ALX307071). Pluronic F–127 (Cat. No. P2443), sulphinpyrazone (Cat.No. S9509), ATP (Cat. 
No. A26209) and carbenoxolone (Cat. No. C4790) were purchased from Sigma (Milan, Italy); 
U73122 (Cat. No. 662035) and thapsigargin (Cat. No. 586005) from Calbiochem. 
3.4 Fluorescence recovery after photobleaching (FRAP).  
Focal irradiation of live cochlear cultures was used to photobleach calcein, as previously 
described (Anselmi, Hernandez et al. 2008; Ortolano, Di Pasquale et al. 2008; Majumder and 
Piazza 2010). Calcein is a polyanionic fluorescein derivative that exhibits fluorescence 
essentially independent of pH between 6.5 and 12. It has about six negative and two positive 
charges at pH 7 (net charge −4, MW 622) and permeates through gap junction channels in 
the immature organ of Corti (Wade, Trosko et al. 1986; Rabut and Ellenberg 2005; Anselmi, 
Hernandez et al. 2008). For staining with calcein, live cultures were incubated for 10 min at 
37°C in DMEM supplemented with 5 µM calcein-AM, 250 µM sulfinpyrazone and 0.01w/v 
pluronic F-127. For recording, cultures were transferred on the stage of an upright 
fluorescence microscope (BX51, Olympus) and perfused in EXM for 20 min at 2 ml/min to 
allow for de-esterification, and thereafter maintained in still EXM at room temperature. 
Calcein fluorescence was excited and detected using a U-MGFHQ filter cube (Olympus) 
incorporating a BP460- 480 excitation filter, a DM485HQ dichromatic mirror and a BA495-
540HQ barrier (emission) filter. Cultures were imaged with a 60× water immersion objective 
(0.90 NA, Olympus Lumplan FL) and fluorescence emission was monitored with a cooled 
CCD camera (Sensicam QE, PCO AG, Kelheim, Germany). In  all experiments, the effects of 
photobleaching due to sample illumination in the 460–480 nm window were controlled by 
carefully selecting the most appropriate inter-frame interval (4 s) while controlling light 
exposure (50 ms) with a mechanical shutter triggered by the frame-valid (FVAL) signal of the 
CCD camera. Baseline fluorescence in the 495–540 nm emission window was recorded for 2 
min, followed by focal laser irradiation at 405 nm to bleach intracellular Calcein (Wade, 
Trosko et al. 1986; Rabut and Ellenberg 2005). Laser irradiation intervals were adjusted so 
as to cause 50% photobleaching of the mean baseline fluorescence, which required 0.5 s for 
cells of the greater epithelial ridge and 1.2 s for cells of the lesser epithelial ridge. 
Fluorescence recovery after photobleaching (FRAP) was monitored for up to 10 min. Image 
sequences were acquired using software developed in the laboratory, stored on disk and 
processed off-line using the Matlab 7.0 software package (The MathWorks, Inc., Natick, MA, 
USA). In particular, for the analysis of FRAP experiments we delineated a region of interest 
(ROI) inside the bleached (b) area, plus a ROI in a proximal unbleached (u) area, and we 
computed ratios of fluorescence intensities (fb/fu) at each time point (Anselmi, Hernandez et 
al. 2008; Ortolano, Di Pasquale et al. 2008; Majumder and Piazza 2010). 
3.5 Ratiometric Ca2+ imaging.  
Cochlear cultures were incubated for 40 min at 37° in DMEM, supplemented with fura–2 AM 
(16 µM). The incubation medium contained also pluronic F–127 (0.01%, w/v), and 
sulphinpyrazone (250 µM) to prevent dye sequestration and secretion (Di Virgilio, Steinberg 
et al. 1989). Cultures were then transferred on the stage of an upright microscope (BX51, 
Olympus) and perfused in EXM (an extracellular medium containing 138 mM NaCl, 5 mM 
KCl, 2 mM CaCl2, 0.3 mM NaH2PO4, 0.4 mM KH2PO4, 10 mM Hepes−NaOH and 6 mM 
d−glucose, pH 7.2, 320 mOsm) for 20 min at 2 ml/min to allow for de−esterification. For 
recording, EXM was substituted by ECM, a medium obtained by replacing 2 mM Ca2+ in EXM 
with an endolymph-like concentration of Ca2+ (20µM). This procedure increased the 
frequency of spontaneous events in cochlear non-sensory cells allowing us to build 
sufficiently ample event statistics in a relatively short time span even while working at room 
temperature. This is particularly important in order to minimize cell damage when performing 
Ca2+ imaging experiments with fluorescent probes, like fura-2, which require UV excitation. 
Fura–2 fluorescence was excited alternatively at 360 nm and 380 nm by a fast–switching 
monochromator (Polychrome V, Till Photonics, Martinsried, Germany) and directed onto the 
sample through a dichromatic mirror (470dcrx, Chroma, Rockingham, VT, USA). 
Fluorescence emission was selected at around 510 nm using an interference filter 
(D510/40M, Chroma, Rockingham, VT) to form fluorescence images on a scientific–grade 
CCD camera (SensiCam; PCO Computer Optics GmbH, Kelheim, Germany) using a 20× 
water immersion objective (NA 0.95; Lum Plan FL, Olympus). Image sequences were 
acquired using software developed in the laboratory, stored on disk and processed off–line 
using the Matlab 7.0 software package (The MathWorks, Inc., Natick, MA, USA). Signals 
were measured as dye emission ratio changes, ( ) (0)R R t R∆ = − , where t  is time and ( )R t  
is emission intensity excited at 360 nm divided by the intensity excited at 380 nm, and (0)R  
indicates pre−stimulus ratio. The dose of UV we delivered was well tolerated as 
demonstrated by control experiments lasting 10 min or more (see e.g. Results, Fig. 7a) in 
which the frequency of spontaneous events remained constant throughout the recording 
period. To quantify spontaneous Ca2+ transient activity, the whole region of the GER within 
the field of view was imaged. Due to the gradual reduction in GER width from apex to base 
along the coiling axis of the cochlea, the average imaged area in the middle and basal turn 
was, respectively, 1.21 and 1.47 times smaller than in the apical turn.   
For ATP stimulation experiments, ATP dissolved in ECM was applied by pressure using 
glass micro-capillaries (puff pipettes) that were pulled to a tip of 1−5 µm on a vertical puller, 
similarly to patch clamp electrodes (PP80, Narishige) and placed near the target cell. 
Pressure was applied at the back of the pipette by delivering a transistor-transistor logic 
(TTL) pulse of carefully controlled duration to a Pneumatic PicoPump (PV800, World 
Precision Instruments) under software control. All cells tested responded to ATP, whereas no 
response was detected when ATP (or other P2YR agonists) was omitted from the solution 
used to fill the puff pipette, indicating that accidental mechanical activation of the cells was 
negligible. 
3.6 Focal photostimulation with caged IP3.  
Cochlear cultures were incubated for 30 min at 37° in DMEM supplemented with fluo–4 AM 
(16 µM), caged IP3 AM (5 µM), pluronic F–127 (0.01%, w/v),  and sulphinpyrazone (250 µM) 
and thereafter perfused in EXM for 10 min at 2 ml/min to allow for de−esterification. 
Fluorescence emission was selected by a HQ520/40M filter (Chroma, Rockingham, VT), 
centred around a 520 nm wavelength, to form confocal fluorescence images on a scientific–
grade CCD camera (SensiCam; PCO AG) using a 40× water immersion objective (NA 1.15, 
UApoN340, Olympus) connected to a microscope (BX51, Olympus) equipped with a spinning 
disk unit (DSU, Olympus) and illuminated by a collimated 470 nm light emitting diode 
(M470L2– C1, Thorlabs) directed onto the sample through a dichromatic mirror (505 dcxr, 
Chroma, Rockingham, VT, USA). For focal photostimulation with caged IP3, the output of a 
TTL−controlled semiconductor lased module (20 mW, 379 nm, part number FBB–375–020–
FS–FS–1–1, RGBLase LLC, CA, USA) was injected into a UV permissive fibre optic cable 
(multimode step index 0.22 N.A., 105 µm core, part number AFS105/125YCUSTOM, 
Thorlabs GmbH, Dachau, Germany). Fibre output was projected onto the specimen plane by 
an aspheric condenser lens (20 mm effective focal length, part number ACL2520, Thorlabs) 
and the re−collimated beam was directed onto a dichromatic mirror (400 dclp, Chroma) 
placed at 45° just above the objective lens of the microscope. By carefully adjusting the 
position of the fiber in front of the aspheric lens we projected a sharp image of the illuminated 
fiber core (spot) onto the specimen focal plane selected by the (infinity corrected) objective 
lens. Under these conditions, the fiber optic diameter determined accurately the laser 
irradiated area, which encompassed one to few cells. Baseline (pre– stimulus) fluorescence 
emission (f0) was recorded for 2 s, thereafter a UV laser pulse of 200 ms was applied to 
release IP3 and fluorescence emission was monitored for up to 30 sec. Signals were 
measured as relative changes of fluorescence emission intensity (Df/f0), where f is 
















Organotypic cultures of P5 cochlear tissue (Fig. 5) were prepared according to standard 
protocols (Van de Water and Ruben 1974); this preparation preserves the architecture and 
functional relationships among the cells observed in vivo (Sobkowicz, Bereman et al. 1975), 
a crucial requirement to study Ca2+-dependent mechanisms occurring in the organ of Corti. 
As mentioned in the Introduction, these cultures (Fig. 2a) comprise the greater epithelial 
ridge (GER), which gives rise to the sensory inner hair cells (IHCs) and medial non–sensory 
cells, and the adjacent lesser epithelial ridge (LER), which is thought to give rise to the outer 
hair cells (OHCs) and lateral non–sensory cells (Lim and Rueda 1992).  
4.1 Cell-cell coupling in non-sensory cells of the developing cochlea. 
Non-sensory cells in the cochlear duct form intercellular networks coupled by gap junction 
channels (Kikuchi, Adams et al. 2000; Forge, Becker et al. 2003; Zhao, Kikuchi et al. 2006). 
The connective tissue gap junction network starts to develop around birth and comprises 
interdental cells and fibrocytes in the spiral limbus, fibrocytes of the spiral ligament, basal 
and intermediate cells of the stria vascularis. The epithelial gap junction network forms 
around embryonic day 16 (E16) and connects all supporting cells in the organ of Corti as well 
as adjacent epithelial cells (Cohen-Salmon, del Castillo et al. 2005). In the cochlea, the 
epithelial gap junction network subdivides further in two separate, medial and lateral, 
buffering compartments, which are thought to be individually dedicated to the homeostasis of 
IHCs and OHCs (Jagger and Forge 2006). Gap junction channels in the organ of Corti of the 
mammalian cochlea are composed of Cx26 and Cx30 subunits and both connexins are 
expressed before functional maturation of the rodent inner ear (Lautermann, Frank et al. 
1999), which takes place between the 2nd and 3rd postnatal week (Mikaelian, Alford et al. 
1965). To determine the efficacy of cell–cell coupling during postnatal development of the 
sensory epithelium, we performed fluorescence recovery after photobleaching (FRAP) 
assays in P5 cochlear cultures after loading them with the acetoxymethyl (AM) ester of 
calcein. This polyanionic fluorescein derivative exhibits fluorescence essentially independent 
of pH between 6.5 and 12, has about six negative and two positive charges at pH 7 (net 
charge −4, MW 622) and permeates through gap junction channels in the immature organ of 
Corti (Anselmi, Hernandez et al. 2008). To minimize dye loss through connexin 
hemichannels at the surface of the epithelium, these recordings were obtained from cultures 
bathed in extracellular medium (EXM) containing 2mM CaCl2. Following delivery of a 405- 
nm laser pulse to a restricted tissue area, the intracellular calcein fluorescence was partially 
restored via diffusion of the indicator dye through gap junction channels from adjacent 
unbleached GER or LER cells (Fig. 5, left and center panels). Solid lines in Fig. 5b (left and 
center plots) are averages of results obtained from n = 3 cultures at each location, dashed 
lines indicate 1 S.D. confidence intervals. Incomplete recovery of fluorescence intensity is 
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ascribed to the fraction of the calcein pool which is not available for intercellular transfer 
(immobile fraction), due to trapping into subcellular organelles and/or binding to subcellular 
structures. No recovery of fluorescence intensity occurred after photobleaching of calcein in 
inner hair cells (Fig. 5, right panel), consistent with the well known fact that sensory hair cells 
are not coupled by gap junctions to any other cell in the organ of Corti. FRAP in GER and 
LER cells was inhibited by pre-incubating cochlear cultures for 20 min in EXM supplemented 
with 100 µM carbenoxolone (Fig. 5b, right plot). Note that light absorption is an exponential 
function of depth within the tissue. This phenomenon is responsible for the small residual 
downward peak, visible in all three traces presented in (Fig. 5b), which is due to dye remix 
Figure 5. Probing GJ channel function by gap-FRAP assays. a Fluorescence images of P5 organotypic cultures from basal 
cochlear turn, imaged after 1 day in vitro (top) immediately after the delivery of a photobleaching laser pulse and (bottom) 3 or 
9 min into the recovery period. Regions of interest (ROIs), delineated inside the bleached area (b) and in a proximal 
unbleached area (u) to compute fluorescence intensity ratios (fb/fu), are shown superimposed on the top images. Left: GER 
greater epithelial ridge, HCR hair cell region, Center: LER lesser epithelial ridge. Right: The FRAP process does not take 
place in IHCs bathed in normal EXM, and is inhibited in GER and LER cells exposed to carbenoxolone (CBX). Scale bar in 
upper left panel is 30 µm and applies to all images in this figure. b Plots of fb/fu vs. time in the apical cochlear turn (red 
traces), middle turn (blue traces), and basal turn (green traces) in GER cells (left), LER cells (right) and plots of fb/fu vs. time 
for the IHC shown in a (orange trace), together with a representative GER cell (cyan trace) and LER cell (purple trace) from 
cultures exposed to 100 µM CBX.  Downward arrowheads mark time of laser pulse delivery. Solid lines are averages of n = 3 





















































































Figure 6: Plots of fb/fu (bleached over unbleached fluorescence intensity) versus 
time in P5 organotypic cultures from the apical, middle and basal turns of the 
cochlea. Solid lines are averages of n = 3 independent experiments, dashed lines 
indicate standard error of the mean. Downward arrows mark the time of laser pulse 
delivery. Carbenoxolone (CBX) is a non–specific inhibitor of gap junction channels. 
within the cytoplasm of the photobleached cells. Thus, our experiments clearly indicate that 
both GER and LER cells are dye-coupled in all cochlear turns of P5 organotypic cultures, 
albeit the immobile fraction is substantially larger in the non-sensory cells of the GER. 
4.2 Gap junction coupling in cochlear organotypic cultures from deaf Cx26Sox10Cre mice. 
Next, we examine a mouse model with targeted deletion of Cx26 in the inner ear, referred to 
as Cx26Sox10Cre (Anselmi, Hernandez et al. 2008). These mice were obtained in our laboratory 
by crossing Cx26loxP/loxP mice, carrying the floxed GJB2 gene (Cohen-Salmon, Ott et al. 
2002), with Sox10Cre mice, which express a Cre recombinase under the Sox10 promoter 
(Matsuoka, Ahlberg et al. 2005). Cx26Sox10Cre mice may be a model for many DFNB1–
affected patients since the most frequent GJB2 mutation, 35delG, is a single base deletion 
that results in a frameshift at the 12th amino acid and premature termination of the Cx26 
protein (Hilgert, Smith et al. 2009).  
We performed gap-FRAP assays also in Cx26Sox10Cre mice (Crispino et al. 2011). The 
intracellular calcein fluorescence was partially restored via diffusion of the indicator dye 
through gap junction 
channels from adjacent 
unbleached cells in 
Cx26loxP/loxP control 
cultures (Fig. 6, blue 
traces). Targeted 
ablation of Cx26 in 
Cx26Sox10Cre cultures, 
and the consequent 
downregulation of 
Cx30, caused a 
substantial reduction of 
dye coupling levels in 
the GER and a 
complete loss of dye 
coupling in the non-
sensory LER cells (Fig. 
6, red traces). The 
process of FRAP was 
inhibited by pre–
incubating Cx26loxP/loxP 



















Figure 7. Rescue of dye coupling in Cx26Sox10Cre organotypic 
cultures transduced with BAAVCx26CFP. Plots of fb/fu 
(bleached over unbleached fluorescence intensity) versus time in 
organotypic cultures from the middle cochlear turn. Solid lines are 
averages of n = 3 independent experiments, dashed lines indicate 
standard error of the mean. Downward arrow marks the time of 
laser pulse delivery. 
 
min with 100 µM carbenoxolone (Fig. 6, black traces).  
We have previously shown that transduction with a BAAV vector encoding a Cx30GFP fusion 
protein (BAAVCx30GFP) restored gap junction coupling and intercellular Ca2+ signaling 
among non–sensory cells of Cx30−/− organotypic cultures (Ortolano, Di Pasquale et al. 2008).  
To test whether the expression level of Cx26 could be similarly restored in cochlear 
organotypic cultures obtained from Cx26Sox10Cre mice at P5, we used a BAAV vector encoding 
a Cx26CFP fusion protein (BAAVCx26CFP). Confocal fluorescence microscopy images 
obtained 48 hours post transduction showed recombinant Cx26CFP protein expressed in a 
large fraction of the non–sensory cells. Significantly, the recombinant protein expression 
pattern resembled closely that of endogenous Cx26 in control cultures from Cx26loxP/loxP mice 
immunoassayed with a Cx26 specific antibody whereas no Cx26 immunoreactivity was 
detected in untreated Cx26Sox10Cre cultures (Crispino, Di Pasquale et al. 2011). As shown in 
Figure 7, FRAP of calcein in Cx26Sox10Cre cultures transduced with BAAVCx26CFP was even 
faster than that of untreated Cx26loxP/loxP control cultures (Fig. 6) possibly due to a higher-
than-normal level of recombinant Cx26 expression driven by the cytomegalovirus (CMV) 
promoter in the BAAV vector. 
Thus, transduction of Cx26Sox10Cre cochlear organotypic cultures with BAAV at P5 not only 
restored Cx26CFP correctly targeted to the plasma membrane of cochlear non–sensory cells 
(Fig. 7) but also induced the formation 
of functional intercellular channels at 
points of contact between adjacent 
cells. BAAV (Schmidt, Katano et al. 
2004) exhibits preferential tropism for 
cochlear non–sensory cells, with 
sporadic transduction of sensory inner 
and outer hair cells (Ortolano, Di 
Pasquale et al. 2008), (Di Pasquale, 
Rzadzinska et al. 2005). These results 
suggest that restoration of normal 
connexin levels by gene delivery via 
recombinant AAV could be a way to 
rescue hearing function in DFNB1 
mouse models and might, in future, 
lead to the development of therapeutic 
interventions in humans, particularly in 
children. 
Figure 8. Dye coupling through gap junction channels in the developing cochlea. 
Shown are plots of fb/fu (bleached over unbleached fluorescence intensity) versus 
time from the base, middle and apex of the cochlea (see Materials and Methods). 
Solid lines are averages of n = 3 independent experiments; dashed lines indicate 
95% confidence intervals. Downward arrows mark the time of laser pulse delivery. 

























































































4.3 Reduced biochemical coupling among cochlear non-sensory cells related with the 
human deafness-associated connexin 30 T5M mutation. 
Several lines of experiments indicate that permeability to larger metabolites, rather then 
small inorganic ions, may play an important role in the development, physiology and etiology 
of connexin-related diseases (Harris 2007). Furthermore, the effect of single point mutations 
can be subtle, discriminating between molecules having the same net charge but different 
charge distribution. In order to determine whether the mild hearing loss in Cx30T5M/T5M mice 
may be ascribed to a diminished cell–cell coupling, we performed FRAP assays in cochlear 
cultures obtained from P5 mice, we focused on non-sensory cells of the receding GER and 
LER. These experiments corroborate that non-sensory cells in the developing cochlea of 
wild-type mice are dye-coupled in all cochlear turns (Fig. 8, blue traces), data consistent with 
the results (Fig. 5) reported previously by Majumder et al (Majumder, Crispino et al. 2010).   
The Cx30T5M mutation caused a modest reduction of dye coupling levels in heterozygous 
cultures (Fig. 8, green traces) but a substantial reduction in homozygous cultures (Fig. 8, red 
traces). The process of 
FRAP was inhibited by 
pre-incubating cochlear 
cultures for 20 min in an 
extracellular medium 
supplemented with 100 µm 
carbenoxolone (Fig. 8, 
black traces), a broad 
spectrum inhibitor of 
connexin channels 
(Rozental, Miduturu et al. 
2001). The residual 
downward peak, which is 
resistant to carbenoxolone, 
is due to a small and rapid 
recovery of fluorescence 
caused by the diffusion of 
dye within the cell from 
deeper, relatively 
unbleached regions to 
more superficial, bleached 
regions.  
It is well described that Cx26 and Cx30 are co-localized in most cochlear gap junction 
plaques where they form heteromeric channels (Sun, Ahmad et al. 2005; Yum, Zhang et al. 
2007). Intercellular Ca2+ transfer was observed to be faster through overexpressed 
heteromeric channels than in the corresponding homomeric channels (Sun, Ahmad et al. 
2005). Furthermore, heteromeric Cx26/Cx30 channels in transfected HeLa cells exhibited 
altered permeability properties compared with their homomeric counterparts: Cx26 
homotypic gap junction channels transferred both anionic and cationic tracers, whereas Cx30 
homotypic channels showed a restricted permeability to cationic tracers (Yum, Zhang et al. 
2007). Heteromeric Cx26/Cx30 channels thereby showed permeability properties lying in-
between both homotypic channels. Thus, heteromeric channels were permeable to both 
cationic and anionic tracers. The anionic tracer calcein could pass through heteromeric 
Cx26/Cx30 and homotypic Cx26 channels, but not through homotypic Cx30 channels. This 
indicates that Cx26 can support the passage of molecules, which otherwise would not pass 
through Cx30 homotypic channels. As mentioned above, permeability to calcein was reduced 
in the developing cochlea of Cx30T5M/T5M mice, whereas electrical coupling, and therefore 
also permeability to K+, was unaffected (Schütz 2010). We conclude that the mutated 
heteromeric channels could account for the reduction of calcein transfer in these cells. Earlier 
studies support this conclusion (Zhang, Tang et al. 2005). Thus, work performed in 
expression systems revealed that Cx30T5M protein traffics to the cell membrane where it 
forms gap junction channels, showing an impaired permeability (in accord with our 
fluorescence recovery after photobleaching, Fig. 8).  
Currently, two different hypotheses to elucidate the function of connexins in the inner ear are 
controversially discussed. On the one hand, impaired K+-transfer (Kikuchi, Adams et al. 
2000; Zdebik, Wangemann et al. 2009) could lead to deafness, and on the other hand, 
impaired biochemical coupling could be the cause of deafness linked to connexin mutations 
(Beltramello, Piazza et al. 2005). However, it is noteworthy that deafness and lack of 
endocochlear potential in Cx30−/− mice correlated with developmental disruption of the 
endothelial barrier of the capillaries supplying the stria vascularis, significant down-regulation 
of betaine homocysteine S-methyltransferase, restricted to the stria vascularis, and local 
increase in homocysteine, a known factor of endothelial dysfunction (Cohen-Salmon, 
Regnault et al. 2007), without a clearly identified link to the channel function of connexins. 
The mild hearing phenotype of Cx30T5M/T5M mice is unlikely to arise from impaired K+ 
recirculation through the network of cochlear gap junctions, as additional data indicate that 
electrical coupling is normal in the developing cochlea of homozygous Cx30T5M/T5M mice 
(Schütz 2010). Instead, according to the recently published structural analyses of the Cx26 
gap junction channel, the localization of the mutation may account for an impairment of 
biochemical coupling, because the molecular cut-off size and charge selectivity of the 
channel are influenced by the properties of N-terminal amino acid residues (Maeda, 
Nakagawa et al. 2009). The substitution of the threonine by a methionine residue in 
Cx30T5M mice might therefore account for impaired biochemical coupling in cochlear non-
sensory cells. Our findings support the notion that impaired biochemical coupling can cause 
defective hearing in mice and man (Beltramello, Piazza et al. 2005). A key role might be 
played, at the developmental level, by spontaneous Ca2+ signaling activity, which is 
significantly decreased in cochlear cultures from P5 Cx30T5M/T5M mice compared with Cx30+/+ 
controls (Fig. 7 from Schütz 2010 and Fig. 17). 
4.4 Defective expression of Cx30 disrupts dye coupling through gap junction channels 
in non-sensory cells of the LER in the developing cochlea. 
The above analysis of mouse models in which Cx26 and Cx30 are genetically deleted or 
mutated lends further support to the notion that these connexins play an important role in the 
induction of cochlear maturation. Our experiments with calcein FRAP clearly indicate that 
both GER and LER cells are dye-coupled in all cochlear turns of wild type P5 organotypic 
cultures. As the calcein immobile fraction is substantially larger in the non-sensory cells of 
the GER, we concentrated on LER cells in the subsequent experimental work. Additionally, 
our recent work linked alterations of IP3R-dependent activity in non–sensory cells of the 
developing cochlea to impaired hearing acquisition in mouse models of human hereditary 
deafness (Schütz 2010). Since the binding of extracellular ATP to G protein-coupled P2Y2 
and P2Y4 receptors, expressed on the endolymphatic surface of the developing sensory 
epithelium, activates PLC-dependent generation of IP3, which in turn triggers a regenerative 
Ca2+ wave that propagates for hundreds of micrometers from the site of stimulation (Gale, 
Piazza et al. 2004; Piazza, Ciubotaru et al. 2007; Anselmi, Hernandez et al. 2008; Majumder, 
Crispino et al. 2010). It seemed of potentially great interest to study dye coupling through gap 
junction channels in a mouse model with defective expression of phosphatidylinositol 
phosphate kinase type 1γ (PIPKIγ), as well as Cx30+/− and Cx30−/− mice (Rodriguez, 
Simeonato et al. 2012). Clearly, complete loss of PIPKIγ may be particularly toxic for the 
whole organisms, whereas only 50% reduction in the gene dosage may be more informative 
of some key feature and specific of the enzymes for the cochlear functions. Therefore, 
throughout the rest of these studies, we concentrated exclusively on PIPKIγ+/− mice. Our 
results indicate that the reduction of Cx26 and Cx30 transcript levels caused by PIPKIγ 
deficiency is rather uniform and amounts to ~50% when averaged over the whole postnatal 
cochlea. We detected a similar reduction in age−matched Cx30+/− mice, whereas Cx30−/− 
mice have no detectable levels of Cx30 and only some ~8% residual Cx26 mRNA (Ortolano, 
Di Pasquale et al. 2008). Note that normal auditory thresholds were reported for adult Cx30+/− 
mice (Teubner, Michel et al. 2003), whereas both Cx30−/− mice (Teubner, Michel et al. 2003; 































































































































al. 2002; Crispino, Di Pasquale et al. 2011) are profoundly deaf at all tested frequencies. 
Thus even a ~50% reduction of Cx26 and Cx30 transcript level remains virtually 
inconsequential over the whole Cx30+/− cochlea, as well over the epithelium of the PIPKIγ+/− 
cochlea. These results are consistent with our measurements of dye coupling by 
fluorescence recovery after photobleaching (FRAP) in non−sensory cells of PIPKIγ+/− and 
Cx30+/− cultures, which show slightly but not significantly lower values compared to WT 
cultures, whereas coupling was nearly absent in Cx30−/− cultures (Fig. 9).  
 
These results can be accounted for by studies that investigated the relationship between the 
size of a gap junction plaque, which is dictated by the total number of channels it contains, 
and its total electrical conductance, which reflects the number of channels in the open state. 
In particular, it has been shown that: (a) there is a critical plaque size of 200–400 channels 
below which gap junction channels remain closed; (b) the fraction of open channels 
increases abruptly from 0 to ~0.1 just above the critical size for function (200–400 channels) 
and then (c) it changes only modestly for further increases in plaque size (Bukauskas, 
Jordan et al. 2000; Palacios-Prado, Sonntag et al. 2009; Palacios-Prado, Briggs et al. 2010). 
We thus conclude that uniform down regulation of Cx26 and Cx30 mRNA level, by as much 
as ~50% in all cochlear turns, is insufficient per se to cause hearing loss, as it does not alter 
sufficiently the number of gap junction channels in the open state (Rodriguez, Simeonato et 
al. 2012).  While, PIPKIγ deficiency ensues in a unique phenotype of hearing loss at high 
sound frequencies, which are mapped onto the basal 50% of the length of the mouse 
cochlea, the question thus arises as to whether PIPKIγ reduction may affect Ca2+ transients 
in the cochlear sensory epithelium, on the basis of the primary role played by PIPKIγ in IP3 
signaling, which in turn triggers a regenerative Ca2+ waves, in view of that confocal 
microscopy in adult of PIPKIγ+/− mice revealed neither hair cell loss or morphological 
Figure 9. Dye coupling through gap junction channels in the developing cochlea. 
Shown are plots of bleached over unbleached fluorescence intensity, fb/fu , versus 
time for LER cells of cochlear cultures prepared from P5 mice. After overnight 
incubation in vitro, cultures were loaded with the acetoxymethyl (AM) ester of the 
fluorescent tracer calcein (MW 622, net charge −4). The downward arrow marks 
time of a 405 nm laser pulse delivered to a restricted tissue causing controlled 
photobleaching of the dye. Recovery of fluorescence after photobleaching 
indicates diffusion of calcein from unbleached to bleached cells through gap 
junction channels (Anselmi, Hernandez et al. 2008). Solid lines are averages of n 
independent experiments; dashed lines indicate standard error of the mean. 
abnormalities in spiral ganglion neurons and organ of Corti, which appeared normally 
innervated (Rodriguez, Simeonato et al. 2012), it seemed of potentially great interest to 
investigate Ca2+ transients of transgenic mice with PIPKIγ deficiency. 
4.5 Characterization of spontaneous Ca2+ transients in cochlear organotypic cultures. 
Spontaneous release of ATP in rhythmic bursts has been reported for a class of non-sensory 
GER cells (first described by Kölliker) which transiently populate the cochlear duct from spiral 
limbus to inner hair cell (Hinojosa 1977; Kamiya, Takahashi et al. 2001). In explants of rat 
cochlear apical turns (Tritsch, Yi et al. 2007; Tritsch and Bergles 2010) as well as in mouse 
organotypic cochlear cultures (Schütz 2010) before the onset of hearing, ATP released from 
non–sensory cells of the receding GER activates purinergic receptors on cells in the 
neighbourhood of the release site, causing a rise of [Ca2+]I (Tritsch, Yi et al. 2007; Tritsch and 











To characterize spontaneous Ca2+ transients, we performed ratiometric Ca2+ imaging in 
cochlear cultures (Fig. 10a) from the apical, middle and basal turn. To this end, after 
overnight incubation in vitro, cultures were loaded with the acetoxymethyl (AM) ester of the 
Ca2+ probe fura-2 and exposed to ECM (see Methods), an extracellular medium containing a 
reduced, endolymph–like, [Ca2+] that favours hemichannel opening (Anselmi, Hernandez et 
al. 2008) increasing the frequency of spontaneous events in cochlear non-sensory cells, 
allowing us to build sufficiently ample event statistics in a relatively short time span even 
while working at room temperature (Fig. 11). We collected data under uniform conditions: in 
Figure 10. (a) Left: organotypic culture prepared from the cochlear duct of P5 mice; AT, apical turn; MT, middle turn; BT, 
basal turn (the most basal portion of cochlear cultures, the hook region, was not used in this study); scale bar, 1 mm. Center: 
representative false color image of fura–2 fluorescence ratio changes (∆R), encoded as shown by the color scale bar, 
obtained as maximal projection rendering of all frames recorded in a basal turn cochlear culture from a WT P5 mouse imaged 
for 4 min at 8 frame/s; 20 regions of interests (ROIs) are shown superimposed on different Ca2+ hot spots; scale bar, 100 µm. 
Right: fura–2 traces generated as pixel averages from the 20 color–matched ROIs shown in the left panel. (b) Frequency 
histograms of spontaneous [Ca2+]i transients in the GER; graphs show pooled data collected from apical, middle and basal 
turn cultures prepared from P5 WT mice; the solid black line (right ordinates) is the time integral of the corresponding 
frequency histogram and, as such, it tracks the mean number of events in the cell population from the onset of the recording.  
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Figure 11. Lowering extracellular CaCl2 compensates for the effects of working at room temperature. Shown are 
frequency histograms of spontaneous [Ca2+]i transients in cochlear organotypic cultures from P5 WT mice under different 
experimental conditions (pooled data, apical turn of the GER). In each graph, the solid black line is the time integral of the 
corresponding frequency histogram and, as such, it tracks the mean number of [Ca2+]i transients in the cell population from 
the onset of the recording. Data in (a) and (b) were acquired at room temperature in an extracellular medium containing 20 





































































particular, we fixed illumination intensity, exposure time, frame rate and total duration of 
recording sessions (4 min). Pooled data are presented in Fig. 10b (n = 4 cultures from each 
cochlear turn). We found that, in the middle and basal turn of WT cultures, the mean 
frequency was 1.21 and 1.85 times lower than in the apical turn, respectively. This is partly 
due to the gradual reduction in GER width from apex to base along the coiling axis of the 
cochlea. Indeed, the area of the GER encompassed by the field of view of the microscope in 
the middle turn was 1.21 times smaller than in the apical turn. However, the area in the basal 
turn was only 1.47 times smaller than in the apical turn, thus the 1.85 times lower mean 
frequency reflects a genuine net reduction of  spontaneous Ca2+ signaling activity in the 
basal turn GER of WT cultures.  
These spontaneous [Ca2+]i transients were always observed in the sensory epithelium of the 
cochlea during a crucial postnatal period that precedes the acquisition of hearing, which in 
mice occurs around postnatal day 12 (P12, where P0 indicates day of birth).  
The above results confirmed that the organ of Corti is the site of intense Ca2+ signaling 
activity. Our previously published work indicates that IP3 is a key intermediate in ATP-
dependent Ca2+-responses of cochlear non-sensory cells (Schütz 2010). Therefore, in the 
second set of experiments, we co-loaded medial cochlear organotypic cultures from WT mice 
with the AM ester of fluo-4 and caged IP3 in order to trigger and visualize Ca2+ signals 
associated with the IP3 signal transduction cascade. By focusing UV laser light within a well 
defined area in the GER epithelium bathed in ECM solution, we photostimulated non-sensory 
cells containing caged IP3, effectively bypassing the initial activation of P2Y receptors by 
extracellular ATP.  
This procedure evoked [Ca2+]i transients similar to those that arise spontaneously in this 
region (Fig. 12). Intracellular Ca2+ signals were confined to the GER area of the epithelium, 
travelling from cell to cell along curvilinear paths designated as ‘microcircuits’ (Majumder, 
Crispino et al. 2010). The speed of Ca2+ signals propagation along a microcircuit was not 
Figure 13. Pharmacological 
manipulation of spontaneous 
[Ca2+]i transients in the GER of 
cochlear organotypic cultures 
from P5 WT mice (pooled data).  
b
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constant and ranged between 24 µm/s to 34 µm/s, velocities at the upper end of the range 
reported by (Majumder, Crispino et al. 2010) in our laboratory. These results confirm that the 
spread of Ca2+ signals from cell to cell in a wave-like pattern in the GER depends on the IP3-
Ca2+ pathway. 
4.6 Inhibition of spontaneous Ca2+ signals in non-sensory GER cells. 
Next we investigated the action of pharmacological inhibitors known to interfere with IP3-Ca2+ 
pathway. Our results show that: (i) the spontaneous [Ca2+]i transients in the GER ceased 
within 5 min in (n = 3) WT cultures after addition of 200 nM thapsigargin (Fig. 13a, right) a 
non–competitive inhibitor of the Ca2+–ATPase (SERCA) that causes the complete and 
irreversible depletion of Ca2+ from the endoplasmic reticulum and (ii) the PLC inhibitor 
U73122 (2.5 µM) significantly (P = 0.001) and reversibly reduced the frequency of 
spontaneous [Ca2+]i transients in the GER (n = 3; Fig. 13b).Thapsigargin and U73122 
produced similar effects also on the [Ca2+]i oscillations evoked by ATP in the LER (Piazza, 
Ciubotaru et al. 2007). Additionally, the effects of U73122 on spontaneous [Ca2+]i transients 
in the GER were mimicked in n = 3 WT cultures exposed to the IP3R antagonist 2–
aminoethoxydiphenyl borate (2–APB, 100 µM; (Rodriguez, Simeonato et al. 2012), 
suggesting they are initiated by spontaneous Ca2+ release from IP3−sensitive calcium stores 
(Missiaen, De Smedt et al. 1999). However, different interpretations are possible as 2–APB 
is known to affect also other targets, including connexin channels (Tao and Harris 2007).  
 
 
Figure 12.  Ca2+ responses evoked by focal photostimulation of GER cells with caged IP3 in the middle cochlear turn from 
P5 WT mice. Shown are fluo-4 relative fluorescence changes (∆f/f0) encoded as shown by the respective color scale bar. 
In left: Superimposed Ca2+ transients profiles: each trace represents ∆f/f0 fluo-4 changes vs. time in one of the 77 labeled 
cells along the microcircuit (ROIs not showed). Times of image capture, relative to stimulus offset, are shown in left top. 
Pink circle represent the UV laser spot position. Scale bar in right panel is 20 µm and applies to all pseudocolor images in 
this figure.  
 































































































































































Figure 14.  Frequency histograms of spontaneous [Ca2+]i transients in the GER; graphs show pooled data collected 
from apical, middle and basal turn cultures prepared from P5 WT (in top) and PIPKIγ(+/−) mice (below); the solid black 
line (right ordinates) is the time integral of the corresponding frequency histogram and, as such, it tracks the mean 
number of events in the cell population from the onset of the recording.  
Altogether, the results of these and previously published experiments with pharmacological 
blockers (Anselmi, Hernandez et al. 2008; Schütz 2010), indicate that spontaneous [Ca2+]i 
transients in the GER and ATP-evoked [Ca2+]i oscillations in the LER are generated by 
similar mechanisms, i.e. ATP activation of P2Y receptors (by exogenous addition of ATP in 
the LER or local ATP release through connexin hemichannels in the GER, followed by IP3 
generation and Ca2+ release from the endoplasmic reticulum.    
4.7 PIPKIγ deficiency impairs spontaneous Ca2+ transients in non-sensory GER cells of 
the postnatal cochlea. 
The prediction can thus be made that PIPKIγ deficiency should also affect the pattern of 
spontaneous events in GER cells. To test this hypothesis, we examined the frequency of 
occurrence of spontaneous [Ca2+]i transients in each cochlear turn by counting all events 
within the portion of the GER in the field view while imaging, for a fixed amount of time, 
cultures obtained from P5 WT mice (n = 4) and age−matched PIPKIγ+/− siblings (n = 4) (Fig. 
14).  
We found similar mean frequencies of occurrence in the apical turn (39 ± 4 events/min in WT 
vs. 38 ± 11 events/min in PIPKIγ+/− cultures; P = 0.97). Differences become discernible, 
although not statistically significant, in the middle turn (32 ± 7 events/min in WT vs. 25 ± 8 
events/min in PIPKIγ+/−; P = 0.32). They were evident (5–fold reduction) and highly significant 
in the basal turn (21 ± 2 events/min in WT vs. 4 ± 1 events/min in PIPKIγ+/−; P = 2×10−4).  
As far as amplitudes of spontaneous [Ca2+]i transients are concerned (Fig. 15), averaged 
waveforms had similar amplitudes in apical turn GER of WT and PIPKIγ+/− cultures; by 
contrast, amplitudes in middle and basal turn GER of PIPKIγ+/− cultures were reduced by 
Figure 15.  Amplitudes of spontaneous [Ca2+]i transients in the GER of 
postnatal cochlear cultures from P5 WT and PIPKIγ(+/−) mice (pooled 
data). Left: average waveforms; right: amplitude distributions; black 
asterisks indicate significant differences between data distributions 
(Mann-Whitney U test); for box plot symbolysm, see e.g. 
http://en.wikipedia.org/wiki/Box_plot. 
 
21% and 33% compared to WT controls (Fig. 15, left; waveforms were obtained by 
averaging 448, 385 and 389 peak–aligned [Ca2+]i transients in WT cultures, 557, 392 and 62 
transients in PIPKIγ+/− cultures from the apical, middle and basal turn, respectively). 
Accordingly, amplitude distributions of spontaneous [Ca2+]i transients in the GER of PIPKIγ+/− 
cultures overlapped with WT distributions in the apical turn, but were shifted towards 
significantly lower values (P < 5.0 
× 10−5) both in the middle and in 
the basal turn (Fig. 15, right).  
Summarizing, both the amplitude 
and frequency of spontaneous 
[Ca2+]i transients were drastically 
reduced in the basal turn and 
hardly affected in the apical turn 
of the GER. This correlates with 
the reduced sensitivity to ATP and 
the more marked reduction in the 
level of PIPKIγ in the basal region 
reported by Rodriguez et al. 
(Rodriguez, Simeonato et al. 
2012), suggesting that this 
enzyme is critical for producing 
the PI(4,5)P2 pool responsible for 
IP3 generation. The simplest 
interpretation for the data 
presented in Figure 14 is that 
reduction in gene dosage of 
PIPKIγ due to the heterozygous 
condition causes a corresponding 
reduction in PI(4,5)P2 levels in the non-sensory cells of the developing cochlea. Thus, below 
a critical enzyme level, PI(4,5)P2 becomes the limiting factor and optimal levels of IP3 can 
only been produced when a larger number of P2 receptors are engaged by the ligand. 
4.8 PIPKIγ deficiency impairs intracellular [Ca2+]I oscillations evoked by ATP in the  
lesser epithelial ridge (LER) of the postnatal cochlea. 
Akin to what noticed in GER cells, we predicted that PIPKIγ deficiency should also affect the 
[Ca2+]i oscillations evoked by exogenous ATP in LER cells. We thus constructed ATP 
dose−response functions by plotting the maximal fura−2 ratio change (∆Rmax) vs. [ATP] in 
Figure 16.  ATP-dose response curves in the LER of organotypic cultures (a) and qPCR analysis of PIPKIγ mRNA 
level in the sensory epithelium (b) from P5 WT and PIPKIγ(+/−) cochleae (pooled data). Lines through data in (a) are 
least square fits with the sum of two scaled logistic functions. Black asterisks in (b) indicate significant differences 



















































cultures from P5 mice (Fig. 16; each data point is the average of m = 15 LER cells in n = 3 
cultures). In the apical turn, dose−response functions of WT and PIPKIγ+/− cultures 
superimposed almost perfectly and had similar half maximal effective concentration: EC50 = 
93 ± 4 nM in WT cultures and  EC50 = 101 ± 9 nM in PIPKIγ+/− cultures. In the middle turn, the 
EC50 shifted significantly from 96 ± 5 nM of WT cultures to 353 ± 13 nM of PIPKIγ+/− cultures 
(P = 2×10−4). In the basal turn, the shift was even more dramatic: from 72 ± 4 nM of WT 





oscillations induced by exogenous ATP were not investigated in GER cells, as they 
superimpose to (and cannot be easily distinguished from) spontaneous events. Altogether, 
the results of our functional analyses in postnatal cochlear organotypic cultures show that 
PIPKIγ deficiency causes: (i) a significant reduction (21% and 33%) in the amplitude of 
spontaneous [Ca2+]i transients in the middle and basal turn; (ii) a dramatic 5−fold reduction in 
the frequency of spontaneous [Ca2+]i transients in the basal turn; (iii) a rightward shift of the 
ATP dose−response function, whereby the EC50 increases from ~100 nM to ~390 nM in the 
middle turn and from ~70 nM to ~410 nM in the basal turn. 
4.9 Defective expression of Cx30 disrupts spontaneous Ca2+ transients. 
Our prior work with cochlear organotypic cultures had noted that [Ca2+]i oscillations in non-
sensory cells participate in the coordinated regulation of connexin26 (Cx26) and connexin30 
(Cx30) expression through the nuclear factor-κ light chain enhancer of activated B cells (NF-
κB) (Ortolano, Di Pasquale et al. 2008), a thoroughly investigated Ca2+-dependent 
transcription factor (Dolmetsch, Xu et al. 1998; Li, Llopis et al. 1998; Mellstrom, Savignac et 
al. 2008). As these are the only connexins expressed in organ of Corti non-sensory cells 
(Forge, Marziano et al. 2003), they are essential for the cell-to-cell propagation of Ca2+ 
signals (Beltramello, Piazza et al. 2005; Anselmi, Hernandez et al. 2008; Majumder, Crispino 
et al. 2010). Recently, we analyzed samples from (n = 8) P5 PIPKIγ+/− mice and compared 
mRNA levels of both connexins with the corresponding cochlear turn in (n = 8) age-matched 



















































































































































































































































































































WT controls. The residual level of Cx26 mRNA was 75% ± 7% in the apical turn, 65% ± 7% 
in the middle, and 65% ± 6% in the basal turn. The corresponding results for Cx30 mRNA 
were 70% ± 5%, 79% ± 5%, and 67% ± 4% in the apical, middle, and basal turn, respectively 
(Rodriguez, Simeonato et al. 2012). Thus, impaired IP3R Ca2+ signaling in cochlear non-
sensory cells due to PIPKIγ deficiency causes significant down-regulation of both connexin 
transcripts (P < 0.005), whereas our prior work determined that deletion of either Cx26 or 
Cx30 impairs IP3R Ca2+ signaling in cochlear non-sensory cells (Anselmi, Hernandez et al. 
2008; Ortolano, Di Pasquale et al. 2008). A seemingly logical conclusion is that IP3R Ca2+ 
signaling establishes a tight feedback loop between channel function and transcript levels of 
Cx26 and Cx30 in the developing cochlea. To corroborate this hypothesis, we analyzed also 
Cx30+/− and Cx30−/− mice. The frequencies of occurrence of spontaneous [Ca2+]i transients in 
GER cells of cochlear organotypic cultures from (n = 4) P5 Cx30+/− mice were 
indistinguishable from those of (n = 4) age−matched WT controls; by contrast, frequencies in 
(n = 4) Cx30−/− cultures were significantly reduced (P < 0.001) to levels resembling those of 
Figure 17.  Amplitudes of spontaneous [Ca2+]i transients in the GER of postnatal cochlear cultures from P5 WT, 
Cx30(+/−), Cx30(−/−) and PIPKIγ(+/−) mice (pooled data). WT and PIPKIγ(+/−) data appear also in Figure 6. Left: 
average waveforms; right: amplitude distributions; black asterisks indicate significant differences between data 
distributions (Mann−Whitney U test); for box plot symbolysm, see e.g. http://en.wikipedia.org/wiki/Box_plot.  
 
Figure 18.  Synoptic view of frequency histograms of spontaneous [Ca2+]i transients in the GER of postnatal cochlear 
cultures from P5 WT, Cx30(+/−), Cx30(−/−) and PIPKIγ(+/−) mice (pooled data). WT and PIPKIγ(+/−) data appear also 
in Figure 5. The solid black line (right ordinates) is the time integral of the corresponding frequency histogram and, as 





























































































(n = 4) basal turn PIPKIγ+/− cultures (Fig. 17).  
Finally, amplitudes of these spontaneous [Ca2+]i transients were significantly reduced in the 
middle and basal turn of Cx30+/− cultures (P < 0.005) and in all turns of Cx30−/− cultures (P < 








Previously, Ortolano et al. (Ortolano, Di Pasquale et al. 2008) showed that whole-cochlea 
samples from postnatal Cx30−/− mice have only ∼8% residual Cx26 mRNA, whereas 
Rodriguez (Rodriguez, Simeonato et al. 2012) found significantly reduced levels (P < 0.001) 
of Cx26 (58% ± 8%) and Cx30 (54% ± 9%) in the cochlea of (n = 4) P5 Cx30+/− mice 
compared with (n = 4) age−matched WT controls. Moreover, analyzed samples from (n = 8) 
P5 PIPKIγ+/− mice comparing mRNA levels of both connexins with the corresponding 
cochlear turn in (n = 8) age-matched WT controls, showed that the residual level of Cx26 
mRNA was 75% ± 7% in the apical turn, 65% ± 7% in the middle, and 65% ± 6% in the basal 
turn. The corresponding values for Cx30 mRNA were 70% ± 5%, 79% ± 5%, and 67% ± 4% 
in the apical, middle, and basal turn, respectively Rodriguez, Simeonato et al. 2012). These 
data strongly indicate that PIPKIγ reduction affects not only Ca2+ signaling directly (by 
reducing the precursor of IP3), but also the expression of another key component of Ca2+ 
signaling, the channel forming proteins Cx26 and Cx30.  
To summarize, the results presented here demonstrate that cochlear non-sensory cells of the 
GER and the LER share the same PLC- and IP3R-dependent signal transduction cascade 
activated by ATP and suggest that reduction in PIPKIγ gene dosage in the heterozygote 
causes a corresponding reduction in the critical pool of PI(4,5)P2 necessary for normal Ca2+ 
signaling. Whereas, adult PIPKIγ+/−  mice exhibit a peculiar hearing loss phenotype at sound 
frequencies, in excess of 20 kHz, which are mapped onto the basal 50% of the cochlea 
(Rodriguez, Simeonato et al. 2012). This region comprises part of the middle turn and the 
whole basal turn where, in the first postnatal week, we detected the most pronounced 
alterations in IP3R Ca2+ signaling of cochlear non−sensory cells. Therefore, hearing 
acquisition is disrupted when IP3R Ca2+ signaling, which depends both on the release of ATP 
from connexin hemichannels and a canonical PI(4,5)P2−dependent signal transduction 
cascade, falls below a critical threshold. In postnatal Cx30−/− mice the criticality is imparted by 
the uniform deletion of Cx30 and the drastic reduction of the residual Cx26 in the sensory 
epithelium. Indeed, in all turns of the Cx30−/− cochlea, IP3R Ca2+ signaling in non−sensory cell 
is reduced to levels that resemble those of the basal turn in the PIPKIγ+/−cochlea (Fig. 17) 
and adult Cx30−/− mice are doomed to deafness at all frequencies (Teubner, Michel et al. 
2003; Schütz, Scimemi et al. 2010). In postnatal PIPKIγ+/− mice, the criticality is imparted by 
the rightward shift of the ATP dose−response function (Fig. 16) and the consequences are 
felt where the shift is appreciable i.e. on the basal 50% of the cochlea (Rodriguez, Simeonato 
et al. 2012). 
Further understanding how Ca2+ signaling defects reported here link to hearing loss in these 
different mouse models may prove crucial to unravel how hearing acquisition proceeds under 
normal circumstances, as well as to decipher the pathogenic processes underlying human 













5. Conclusions  
The results presented here demonstrate that cochlear non-sensory cells of the GER and the 
LER share the same PLC- and IP3R-dependent signal transduction cascade activated by 
ATP and suggest that reduction in PIPKIγ gene dosage in the heterozygote causes a 
corresponding reduction in the critical pool of PI(4,5)P2 necessary for normal Ca2+ signaling, 
implicated in the coordinated regulation of Cx26 and Cx30 expression. In particular: (i) in all 
turns of the Cx30−/− postnatal cochlea, IP3R Ca2+ signaling in non−sensory cell is reduced to 
levels comparable or lower than those of basal turn PIPKIγ+/− cochlea, which also show 
decreased affinity for ATP only in the medial and basal turn of the coiled sensory epithelium; 
(ii) our study of hearing loss caused by the substitution of an evolutionarily conserved 
threonine by a methionine residue at position 5 near the N–terminus of Cx30 (Cx30T5M) 
correlates the uniformly reduced amplitude and frequency of IP3R Ca2+ signaling in 
non−sensory cells of the developing cochlea with a significantly reduced permeability to 
larger solutes through connexin hemichannels, offering a mechanistic explanation for the 
pathogenesis of an inherited human disease as a specific defect of metabolic coupling; (iii) 
the reduced cell-to-cell communication in the epithelial network of Cx26Sox10Cre mice was 
restored via gene delivery (with vectors derived from recombinant adeno-associated viruses), 
which may eventually lead to the development of therapeutic interventions in humans with 
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